Trophic factors have been found to play a significant role both in long-term survival processes and in more rapid and dynamic processes in the brain and spinal cord. However, little is known regarding the regulation of expression of growth factors, and how these proteins interact on a cell-to-cell basis. We have studied protein levels of one growth factor known to affect the noradrenergic innervation of the hippocampal formation, namely brain-derived neurotrophic factor (BDNF). The purpose of the present study was to determine if appropriate innervation or contact between the LC noradrenergic neurons and their target, the hippocampus, affects expression of this growth factor in either brain region. Fetal brain stem tissue, containing the LC, and hippocampal formation were dissected from embryonic day 17 rat fetuses and transplanted together or alone into the anterior chamber of the eye of adult Fisher 344 rats. The tissue was grown together for 6 weeks, after which the animals were sacrificed and ELISAs for BDNF were undertaken. Transplantation to the anterior chamber of the eye increased the expression of BDNF in the hippocampal but not the brain stem tissue, compared with levels observed in fetal and adult rats in vivo. In addition, double grafting with hippocampal tissue more than tripled BDNF levels in brain stem grafts and doubled BDNF levels in the hippocampal portion of double grafts compared with hippocampal single grafts. Triple grafts containing basal forebrain, hippocampus, and brain stem LC tissue increased brain stem and hippocampal BDNF levels even further. Colchicine treatment of LC-hippocampal double grafts gave rise to a significant decrease in hippocampal BDNF levels to levels seen in single hippocampal grafts, while only a partial reduction of BDNF levels was seen in the brain stem portion of the same double grafts treated with colchicine. The findings suggest that an appropriate hippocampal innervation or contact with its target tissues is essential for regulation of BDNF expression in the brain stem, and that retrograde transport of BDNF can occur between double grafted fetal tissues in oculo.
INTRODUCTION
in long-term potentiation (LTP) (33) (34) (35) . Compton and collaborators (12) found that unilateral or bilateral destruction of the LC-NE nucleus led to moderate versus The noradrenergic (NE) innervation of the hippocampal formation has been the subject of numerous anatomi-severe deficiencies in the Morris water maze and the Greek cross task, which both relate to spatial memory. cal, pharmacological, and physiological studies, due to its proven role in memory and learning but also to the Thus, encoding and storage of memory for both emotional and spatial events seem to depend upon LC-NE extended knowledge about its function and anatomy (6, 9, 19, 24, 29) . The largest group of NE neurons in the stimulation, at least in animal models. Activation of the LC-NE neurons by electrical stimulation results in in-brain is located in a single nucleus, the locus coeruleus (LC), located beneath the floor of the fourth ventricle creased NE release in areas of the limbic system such as the amygdala and the hippocampus, and enhances both anterior to the facial colliculus, and containing an estimated 1600 cells per hemisphere in the rat brain (42) . spatial and emotional memory task performance (8) . In humans, it has been shown that genetic variants of nor-Norepinephrine, released at LC terminals in target areas of the limbic system, facilitates shifts in attention, infor-adrenergic receptors correlate with performance on both memory and irritability tasks, further substantiating an mation processing, and memory through its well-documented gating and tuning effects, and its permissive role importance of the noradrenergic neurons in memory- 22 WILLIS ET AL.
related processing also in the human brain (11) . The LC-tors regulating innervation during development and aging (3, 15, 22, 24) . In recent studies we found that aged LC-NE neurons are known to possess an unusual amount of plasticity, especially in response to injury or other NE neurons in intraocular transplants were able to innervate the hippocampal formation to a normal extent only deleterious conditions (41) . However, the regulatory mechanisms behind the LC-NE influence on hippocam-when the target was young and/or contained appropriate growth factor support (41) . Hence, these studies demon-pal function are not fully understood.
Several factors have been implicated in the regulation strated an unusual plasticity even in aged LC-NE neurons, when presented with the appropriate (young) target of LC-NE innervation of hippocampal formation. The neurotrophin brain-derived neurotrophic factor (BDNF) tissue. However, we have not determined what regulates the expression of endogenous factors in our system or in is known to have significant effects on survival and phenotypic expression of LC-NE neurons in vitro. In addi-the intact brain, or if the reciprocal innervation normally present between the brain stem and hippocampal forma-tion, this factor has been shown to induce the expression of tyrosine hydroxylase (TH), the monoamine synthesiz-tion may influence expression of these important factors.
The aims of the current study were 1) to investigate the ing enzyme, in fetal human and rat cerebral cortex during specified sensitive developmental periods (43). In-effects of cografting on growth factor levels in intraocular transplants of brain stem tissue containing LC-NE hibitors of transcription (actinomycin D) or translation (cycloheximide) eliminated the increase in TH induction neurons and hippocampal formation, to explore regulatory mechanisms for growth factor expression, and 2) to elicited by BDNF, indicating that de novo transcription and translation were required for transcription of TH and utilize an axonal transport blocker, colchicine, to explore if retrograde or anterograde transport of neurotrophic other related enzymes. Messenger RNA (mRNA) for BDNF and its high-affinity receptor trkB are expressed factors may occur in isolated conditions, such as transplants. in the LC (14, 32) , as well as in hippocampal formation (36, 37) . It has unequivocally been demonstrated that MATERIALS AND METHODS many synaptic events in the hippocampus cannot develop Animals properly unless BDNF is present ((2,10), clearly demonstrating a strong influence of this neurotrophin upon hip-Young adult (5-6 weeks old) female Fischer 344 rats pocampal function, and hence also processes attributed (Harlan laboratories) were used as recipients for intraoto this brain region, such as learning and memory. Direct cular fetal grafts. Tissue donors were timed pregnant evidence for BDNF influence on memory has also been Fischer 344 dams (Harlan Laboratories) of embryonic provided by Croll et al. (13) , who found a correlation day 17 (E17). All animals were maintained on standard between the expression of trkB receptors in cerebral corfood pellets and water that were available ad libitum, tex and cognitive performance in aged rats, and a decrease and animals were kept on a standard 12:12 h light/dark in both BDNF and trkB expression with aging in the cycle. All surgical procedures were performed according rodent. We have also found a correlation between BDNF to the NIH guidelines for animal use, and were approved protein levels and memory performance in the aged rat by the local IACUC committee. (4). BDNF has also been found to increase NE uptake Dissection and Transplantation as well as number of TH-positive cells in LC tissue cultures (39) . Hence, it is evident that BDNF plays a role in Pregnant rats were euthanized by an overdose of halothane; fetuses were removed and kept on ice until they the regulation of LC-NE neurons and their hippocampal target. But what regulates the regulators? Is an intact were dissected. The fetal brain was removed, and brain stem tissue containing the LC neurons as well as dorsal hippocampal target necessary for BDNF expression to occur, or does diminished innervation density alter the hippocampal tissue was dissected as previously described (21, 23) . Recipient host rats were anesthetized with xyla-expression? These questions are essential in light of the important functions of this factor on hippocampal physi-zine (Rompun, 12 mg/kg, IP) and ketamine (Ketaset, 80 mg/kg, IP) and one drop of 1% atropine solution was ology. If we can figure out why growth factors are downregulated during certain conditions, this may lead to im-placed on the cornea to dilate the pupil. Pieces of fetal brain stem and hippocampal tissue were placed in con-provement in therapeutic avenues for conditions with reduced neurotrophic function, such as during neurode-tact with each other into the anterior chamber of the eye through a razor blade slit in the cornea using a modified generative disease.
A model system where one is able to isolate the hip-syringe, as previously described (21) . Following surgery, the host rats were given paracetamol (Tylenol, 6 pocampal formation from surrounding factors and innervation modalities is useful for studies of extrinsic and mg/ml) in their drinking water to alleviate any pain associated with the surgery. Growth and vascularization of intrinsic determinants of neuroplasticity. We have utilized an intraocular transplantation model to study fac-the transplants as well as contact between double and triple grafts were assessed weekly in lightly halothane-of the graft, because colchicine is known to block axonal transport (25, 38) . Colchicine (Acros Organics) was dis-anesthetized hosts. Only double and triple grafts that were clearly in contact with each other were used in the solved in saline to a concentration of 0.001 M and 5 µl was then injected into the intraocular fluid via a Hamil-study (>90% of total grafts).
ton syringe through a small incision in the sclera. The Enzyme-Linked Immunosorbent Assay (ELISA) syringe was guided between the lens and the iris and protruded into the anterior chamber of the eye through ELISA was used to determine growth factor levels in intraocular grafts. Tissue was harvested at 6-8 weeks the pupil, as previously described (31) . Hippocampal-LC double grafts (n = 6) were injected with colchicine postgrafting. Double grafts were separated into LC or hippocampal portions and placed in preweighed micro-and the animal was kept anesthetized for 6 h prior to dissection and harvesting of tissues. BDNF levels in hip-centrifuge tubes in a −70°C freezer until analysis. BDNF levels were assessed in tissues using a commercially pocampal-brain stem double transplants with colchicine treatment were compared with sham-injected double available assay kit from Promega. In brief, flat-bottom plates were coated with the corresponding capture anti-transplants to determine if colchicine altered BDNF protein levels in any of the cografted tissues. An alteration body to bind the soluble neurotrophin. The captured neurotrophin was bound by a second specific antibody, in the balance between brain stem-hippocampal growth factor levels with this treatment would indicate that axo-which was detected using a species-specific antibody conjugated to horseradish peroxidase as a tertiary reac-nal transport is involved in balancing the growth factor levels in either brain region. tant. All unbound conjugates were removed by subsequent wash steps according to the Promega protocol. After in-RESULTS cubation with chromagenic substrate, color change was Morphological Appearance of Intraocular Grafts measured in an ELISA plate reader at 450 nm. Using these kits, BDNF can be quantified in the range of 7.8-As shown previously (23), morphological evaluation 500 pg/ml. For each assay kit, cross-reactivity with other of intraocular grafts, using TH immunohistochemistry, trophic proteins is <2-3% (4).
revealed large numbers of TH-positive neuronal cell bodies in brain stem grafts containing the LC (Fig. 1C ).
Morphological Assessment of Intraocular Grafts
Double grafting with fetal hippocampal tissue did not To ensure that the grafted tissue contained both LC appear to alter the number of TH-immunoreactive neuand hippocampus, we performed immunohistochemical rons in brain stem grafts ( Fig. 1A) . All hippocampal costaining of three grafts in each group using antibodies grafts contained a dense plexus of TH-positive neurites, directed against TH. The transplants (three LC-hippoindicative of a dense noradrenergic innervation (Fig. campal double grafts and three LC single grafts) were 1B). The axons innervating the cografted hippocampal rapidly removed from the anterior chamber of the eye tissue were of a morphology typical for CNS noradrenand immersion fixed in 4% paraformaldehyde prepared ergic neurites, because they were thin with multiple variin 0.1 M phosphate-buffered saline (PBS). After overcosities. night fixation, the transplants were transferred to 10% Growth Factor ELISAs sucrose in PBS for at least 16 h prior to sectioning on a cryostat (Zeiss-Microm). Sections (12 µm) were col-Double and single grafts of hippocampal and brain stem tissue (containing the LC) were subjected to BDNF lected on slides, washed in Sorensen's buffer (0.1 M PBS, pH 7.2), and incubated with antibodies directed ELISA (Fig. 2) . Hippocampal portions of double grafts exhibited a doubling in BDNF compared with hippo-against TH (1:100, Pel-Freeze Inc.) for 48 h. After washing in Sorensen's buffer (3 × 10 min), the sections campal single grafts (p < 0.05), suggesting that either contact with or innervation from the cografted brain were incubated with anti-rabbit IgG conjugated with fluoroscein isothiocyanate (FITC, 1:30) for 1 h at room stem tissue had effects on BDNF expression. BDNF has been shown to act as a target-derived growth factor, with temperature. The sections were washed again 3 × 10 min and mounted in glycerol/PBS (9:1). Light microscopic synthesis occurring in the target followed by transport to the innervating cell bodies. To interrupt this transport evaluations were performed on a Nikon Optiphot fluorescence microscope. Control sections were devoid of and investigate possible axonal transport of the growth factor between the grafts, double grafts were treated immunoreactivity when the first antibody was omitted.
with colchicine, which disrupts microtubule assembly Colchicine Treatment and abolishes both anterograde and retrograde transport. Colchicine treatment reduced BDNF levels in hippo-Colchicine treatment was performed to examine if the BDNF levels observed in intraocular brain stem grafts campal portions of double grafts to a level similar to that seen in hippocampal single grafts (Fig. 2) . Thus, it originated in the hippocampal or the brain stem portion appeared that axonal transport contributed to some of in the brain stem portion of double grafts, but the level of BDNF was still significantly higher with colchicine the elevation of BDNF levels seen in hippocampal portions of double grafts of brain stem and hippocampus.
treatment than in single grafts, albeit to a lesser degree of significance (p < 0.05), suggesting that axonal trans-A similar effect of grafting was seen in the brain stem portion of double grafts (Fig. 3) . BDNF levels were in-port of BDNF contributed to a lesser extent in the brain stem portion than in the hippocampal portion of the dou-creased by over 400% in brain stem grafts that were grafted in contact with hippocampal tissue compared ble grafts (Fig. 3 ). with single grafts of brain stem tissue (p < 0.01, Fig. 3 ). To investigate the simultaneous impact of two impor-plants of hippocampal and brain stem tissue as a function of double grafting with an appropriate target. BDNF tant afferent connections to the hippocampus, triple grafts were constructed of basal forebrain containing the levels were elevated in brain stem grafts in both triple and double grafts, indicating that appropriate target in-septal cholinergic neurons, brain stem including the LC, and hippocampus. ELISA for BDNF was performed on nervation contributes to growth factor accumulation in the innervating cells. Blocking axonal transport with the individual components of these triple grafts (Fig. 4) . BDNF levels in the brainstem portion of triple grafts colchicine caused a decrease in BDNF levels in both the target and innervating tissues in double grafts. Single were significantly higher than those seen in hippocampal (p < 0.01) or septal (p < 0.01) portions, and were almost hippocampal grafts contained levels of BDNF that were higher than the levels seen in hippocampus in the adult 30 times higher than levels seen in single brain stem grafts (Fig. 3 ). In addition, BDNF levels were slightly rat, while the opposite was true for brain stem grafts. In addition, we found that intraocular grafts contained higher in triple hippocampal than in double hippocampal grafts (means of 48 vs. 35 pg/mg). much higher levels of BDNF than normally detected in the fetus at the stage of transplantation, suggesting con-Comparisons of BDNF levels between fetal and adult hippocampal and brain stem tissue and the correspond-tinued maturation in oculo. What role does BDNF play in these brain regions? In ing grafted tissue were also performed ( Table 1) . As seen in this table, hippocampal levels were slightly fact, recent studies using cultured hippocampal neurons suggest that most synaptic events in this region cannot greater in single hippocampal grafts than in the hippocampal formation in situ, while the fetal levels were develop properly unless BDNF is present (10) . In addition, it has been shown that BDNF increases NE uptake much lower, at least at the embryonic stage (E17) examined here. On the contrary, the level of BDNF was sig-and TH-positive cell numbers in cultured LC neurons (39) . Because BDNF has been shown to induce the TH nificantly lower in single brain stem transplants (Fig. 3 ) than in the adult brain stem tissue in situ. This relation-gene during development (43), it is likely that a normal development of the LC-NE neurons cannot occur with-ship was reversed in brain stem tissue cografted with hippocampal tissue in oculo. The BDNF levels in single out these two factors. Because the LC gives rise to a massive noradrenergic projection to the hippocampal forma-brain stem grafts were not significantly different from those detected in fetal brain stem tissue (these levels tion (28) , it has been proposed that the hippocampal formation cannot develop normal physiological activity were close to the detection limit of the assay).
Colchicine treatment caused a decrease in BDNF levels
without the presence of LC-NE projections either (1,10, DISCUSSION 26) . Morphological evaluation of the single and double LC brain stem grafts did not reveal alterations in cell The present study demonstrated that growth factor levels were significantly altered in intraocular trans-survival with or without the hippocampal tissue. However, a more detailed analysis is needed, with unbiased stereology, to determine if in fact LC-NE neurons are enhanced in their survival with double grafting with hippocampal tissue. We did observe a more organotypic noradrenergic innervation pattern in the hippocampal cografts (Fig. 1B) than the thick, "aimless" innervation observed in single brain stem grafts. Thin, branched fibers with multiple varicosities were not observed in the brain stem single grafts. Previous work from our group has demonstrated that intraocular LC-hippocampal double grafts develop normal noradrenergic projections to the hippocampal portion of the double graft, both in terms of adrenergic receptor sensitivity and baseline firing rates (15) . However, no thorough investigation has been performed so far in terms of abnormalities existing in single versus double brain stem grafts. It would be interesting to determine whether double grafting with the hippocampus alters the electrophysiological properties of grafted LC-NE neurons; in other words, if these neurons need input from or contact with their target unique opportunity to investigate neuron-target interac-brain stem grafts, without contact with the hippocampus, were much lower than BDNF levels seen in the LC-NE tions during development and adult life in specific neuronal populations.
portion of locus coeruleus-hippocampus double grafts (Table 1) . One plausible explanation for this upregula-It was interesting to note that the levels of BDNF were increased in the intraocular grafts of both tissue tion in the LC portion of hippocampal grafts would be that the LC contact with hippocampus produced more types compared to the levels seen in the fetus in these particular brain areas at the time of grafting (Table 1) .
BDNF in the hippocampal tissue, which was then transported to the brain stem tissue. We therefore conducted This finding suggests that the tissue had, indeed, continued its development after grafting to the anterior eye a colchicine experiment, with injections of colchicine into the intraocular fluid 6 h prior to sacrifice of brain chamber. An alternative explanation would be that the levels of growth factors seen in the intraocular brain tis-stem-hippocampal double grafts. Interestingly, colchisue grafts simply reflected the normally high levels of growth factors seen in the iris or the ocular fluids (3). However, in previous studies we have performed measurements of the basal growth factor levels in intraocular fluid before sacrifice of the grafted tissue, and the ocular fluid levels of BDNF were close to detection limit in the fluid (Granholm, personal communication) . Thus, levels in the intraocular brain grafts might be generated by activity or interaction within the grafted brain tissue itself, rather than a function of the site of grafting. An additional explanation for the increased levels of BDNF in intraocular grafts might be a response to the injury caused by dissection and transplantation. BDNF has been found to be elevated, at least in the hippocampus, during injury in the adult rat (16, 18) . However, if this would have been the case, the levels would have been equally increased in all brain areas, and would not be altered with cografting or triple grafting. cal relationship, so that the LC-NE neurons are depentriple constellations. The data suggest that there is a reciprocal dent upon hippocampal input associated with retrograde relationship at least between the hippocampal and the brain transport of BDNF (see Fig. 5 for a schematic represenstem tissues. Further studies will determine the exact biological mechanism for this interaction. tation of this hypothesis). The BDNF levels in single cine lowered the levels of BDNF in the brain stem por-as growth factors and inflammation may of course also be involved. The significant stimulation of brain stem tion of the graft but did not normalize hippocampal BDNF levels. These findings suggest that, indeed, a ma-BDNF levels in triple grafts is an interesting phenomenon that deserves further evaluation. LC-NE neurons re-jor portion of the BDNF seen in the brain stem graft originates in the hippocampal cograft, suggesting a nor-ceive cholinergic innervation (44) , so this may either be caused by specific innervation related factors or a non-mal retrograde transport of BDNF to occur in transplanted tissues, similar to what occurs in this transmitter specific "contact" effect. Nonetheless, the basal forebrain also contains BDNF mRNA (40) and obviously system in the intact brain (5,40). However, it was curious that the BDNF levels in the hippocampal graft were also plays a role here.
In conclusion, the findings presented here suggest not upregulated with colchicine treatment; this would be expected because the BDNF was not able to reach its that brain stem tissue is dependent upon its normal projection to the hippocampal formation in order to develop normal target, the brain stem graft. It is possible that a 6-h treatment paradigm of colchicine was not enough to appropriate levels of growth factors, and in addition that at least some of the BDNF is transported retrogradely give rise to a compensatory downregulation of BDNF in the hippocampal graft, because LC-NE neurons are or anterogradely from the hippocampal transplant and perhaps also from the brain stem to the hippocampal known to "drive" the BDNF mRNA expression in the hippocampus (7) . Anterograde transport of BDNF must grafts. These studies also demonstrated that levels of growth factors were significantly elevated in intraocular also be considered, because recent work has indicated that BDNF can participate in both retrograde (27, 30) and grafts compared with the corresponding area at the fetal stage of dissection. Thus, grafted neurons and glial cells anterograde (17) transport. BDNF was localized to axon terminals and was found to be anterogradely transported in the intraocular brain tissue had continued to mature to produce adequate trophic support to the grafted path-from noradrenergic neurons in the LC to their appropriate targets in the cortex (17) . Locus coeruleus neurons ways. The single hippocampal grafts contained more normal levels of BDNF than single brain stem grafts do express mRNA for BDNF (32), so further studies using for example Northern blots or RNA protection compared to respective areas in situ. These data demonstrate that the target is essential for normal expression assays would reveal the origin of BDNF in grafted tissues. Nonetheless, it was interesting to note that trans-of growth factors in brain stem and hippocampus, and also suggest that specifically, the addition of the hippo-planted transmitter systems, such as the LC-hippocampal double grafts, are able to establish a trophic relationship campal target of LC-NE neurons leads to an increase in BDNF, because the increase in BDNF was observed in between the different components.
It is possible that the activity of the noradrenergic LC brain stem and not septal portions of triple grafts. neurons drives the growth factor expression in their tar-ACKNOWLEDGMENTS: This work was supported by the National Institutes on Aging (grant number AG15239). Thanks get area, the hippocampus. It has been shown that the are due to Dr. Baerbel Rohrer for valuable discussions, and activity of noradrenergic neurons (which is high during to Alfred Moore for expert technical assistance.
wakefulness and low during sleep) drives the induction of the BDNF gene in the hippocampal formation, sug-REFERENCES gesting that the level of activity in the brain, and espe-
